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Abstract 

We study a U{N) gauged N = 2 supergravity model with one hypermultiplet 
parametrizing 50(4, l)/<SO(4) quaternionic manifold. Local J\f = 2 supersymmetry is 
known to be spontaneously broken to N = 1 in the Higgs phase of U(l) gra viphoton x£7(l). 
Several properties are obtained of this model in the vacuum of unbroken SU(N) gauge 
group. In particular, we derive mass spectrum analogous to the rigid counterpart and 
put the entire resulting potential on this vacuum in the standard superpotential form 
of = 1 supergravity. 
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I. Introduction 



For more than a decade, Af = 2 supersymmetry both in its local and rigid realizations 
has played an important role in the theoretical developments of quantum field theory and 
particle physics. It has led us to the subject of exactly determined low energy effective actions 
[U [2] and has inspired the construction of Lagrangians based on special Kahler geometry 
[31 IH [10]. These achievements have proven valuable in order to analyze some of 
the phenomena which occur in string theory. 

Spontaneous breaking of Af = 2 supersymmetry to Af = 1 is an interesting problem 
in the light of its implications of string theory to the low energy A/" = 1 supersymmety, 
which is phenomenologically promising. We give here a partial list of the references of this 
subject on the linear realizations |IJJ[TJ[T3l[T3[lj3[Ti^ 

particular, spontaneous partial breaking of rigid Af = 2 supersymmetry in the U(N) gauge 
model with or without hypermultiplets has been demonstrated recently [221 1231 EU [25] under 
a generic breaking pattern of the U(N) gauge symmetry. Several other properties of this 
model have been obtained. It should be emphasized that the partial breaking of rigid Af = 2 
supersymmetry is realized here in the Coulomb phase of overall U(l), the Nambu-Goldstone 
fermion being the superpartner of the massless photon and that both interact with the 
SU (N) sector thanks to the non-Lie algebraic property of the prepotential. 

There are already considerable differences between the rigid special Kahler geometry and 
its local counterpart and between the hyperkahler geometry and the quaternionic geometry 
as have been emphasized in the literatures [3 El [9]. This is bound to be reflected in the 
comparison of the vacuum analysis of a rigid Af = 2 effective action with its supergravity 
counterpart. This will be a thrust of the present paper. Spontaneous partial breaking of 
local Af =2 supersymmetry has been studied in pH 021 CE31 EH EH EH EH EJJ • It was noted 
from the beginning that both the Higgs and the super-Higgs mechanisms must take place 
simultaneously and that the vacuum must lie in the Higgs phase of U (1) gra viphoton x U(l). 
The tight structure of the spectrum produced by the mechanisms requires at least one 
hypermultiplet with two U(l) translational isometries to be introduced in the models. 

In this paper, we study some of the basic and yet unexplored properties of the U(N) 
gauged Af = 2 supergravity model in which local Af = 2 supersymmetry is partially broken 
spontaneously. In particular, the holomorphic section of our model is chosen as a generic 
function which leads to the nontrivial scalar coupling terms and the scalar potential. (In 
reference [J2], a simple form of the section has been adopted.) In the next section, we 
briefly review U(N) gauged Af = 2 supergravity in four dimensions and consider the model 
which contains a U(N) vector multiplet and a hypermultiplet parametrizing SO(4, 1)/ SO(4) 
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quaternionic manifold. Because of the choice of the section we need careful consideration of 
the vacuum, which is done in section three. We consider and solve the vacuum conditions of 
the model under the assumption of unbroken SU(N) gauge symmetry. The second vacuum 
condition, which is a variation of the potential with respect to the hypermultiplet scalar b u , 
was not considered before and the super- Higgs mechanism can not operate without this one. 
Partial breaking of local M = 2 supersymmetry is exhibited. In section four, we derive the 
mass spectrum of the model and interpret it in terms of M = 1 on-shell supermultiplets. In 
section five, we construct the entire Lagrangian on this vacuum and express it in terms of 
two superpotentials which are related to each other by a simple relation ( 15. 9ft . The resulting 
form conforms to the standard form of M = 1 supergravity. 

II. U(N) Gauged M = 2 Supergravity 

The field contents of U(N) Gauged Af = 2 Supergravity are summarized as follows: 

• supergravity multiplet 

consisting of the vierbein (i,fj, = 0,1,2,3), two gravitini ip A (A = 1,2) and the 
graviphoton A ^. (The upper and the lower position of the index A represent left and 
right chirality respectively.) 

• vector multiplet 

consisting of a gauge boson A^, two gaugini \ aA and a complex scalar z a . The index a 
(a = 1, . . . , N 2 ) labels the generators of the U (N) gauge group and a = N 2 = n refers 
to the overall U(l). (The notation on the chirality is opposite to that of the gravitini, 
namely, the upper and the lower position denote right and left chirality respectively.) 

• hypermultiplet 

consisting of two hyperini ( a (a = 1,2) and four real scalars h u (u = 0, 1,2,3). (The 
upper and the lower position of the index a represent left and right chirality respec- 
tively.) 

General construction of the Lagrangian of gauged M = 2 supergravity has been given in 
0, El H\ ■ We exhibit the parts of the Lagrangian and the supersymmetric transformation 
laws which are necessary for our analysis of the vacuum. 
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A. Vector Multiplet 



The manifold associated with the vector multiplet is special Kahler of the local type J3J HJ 
El El [T], [HI El EE] ■ It is equipped with a holomorphic section, 

n(z)=( X J^Y A = 0,l,...,n (2.1) 

The index refers to the graviphoton part. In terms of this section, the Kahler potential is 
given by, 

rc = -\ogi(n\n) = -\o g i(x A F A -x a f a ), (2.2) 



where 

i 



'Q\n) = -in T [ 1 \n*. (2.3) 



-i 



The non-holomorphic section is introduced by 



and its covariant derivative is 

U a = V a V = (d a + \d a K)V = ( J . (2.5) 

One characteristic property of M = 2 supergravity, which follows from the special Kahler 
geometry of the local type, is the existence of totally symmetric rank-three tensor C a b c such 
that 

V a U b = iC ahc g cd 'U d *. (2.6) 

(See, for example, [3 [8]). The generalized gauge coupling matrix A/as is introduced via the 
following relations: 

The solution is given in terms of two (n + 1) x (n + 1) matrices 



Ma = AT AS I E , h Ala = AW a s . (2.7) 



as 



ATae = ^/(r 1 )^ (2.9) 
It is well-known that this quantity appears in the kinetic term of the gauge bosons. 
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To specify the model, we need to choose the holomorphic section. Our choice, which is 
essentially that of [13], is 

X°(z) = ± F (z) = -L(2Hz)-~° dJ7 ' 



s/2' w V2 V 
X\z) = ±f, F.M = (2.10) 

xn(z) = TTE^' F " w = ^ 

where the index a = 1, ... ,n — 1, labels the generators of SU(N) subgroup. It has been 
obtained from the derivatives of the holomorphic function F(X°,X a ) = (X°) 2 J r (X a /X°), 
that is, dF/dX A and performing the symplectic transformation X n — »■ —F n , F n — > X n . The 
Kahler potential and its derivatives are given by 

K = -log/C, (2.11) 

Wo = % -{T a -T a -{z c -z c )J= ac ), (2.12) 

fiu* = d a d b *lC 



i 



d a Kd h *K - —(F ab - Tab), (2.13) 
2/C 



where jF a = dJ r /dz a and 



/Cn = / -i(^-r)(^ + ^) ) . (2.1 I) 



Furthermore, the covariant derivative of f£ is 



ie IC/2 



V a fS = -^C abc g cd *d d *IC 
a/2 



9af b + K b f c + l ~d a lCf b 

— [ d a d b K - d a Kd b K + —g cd - {d a d h K Q d d *K + d a d b d d ,JC )d c }C ) . (2.ir,) 



%e 



K/2 



V„./7' = "-^C abc g cd *(F nd + d d *JCF n ) 



e K/2 



(Fnab - d a Kd b KT n + d a d b K,T n ) 



V2 

+^=—g cd * {d a d b K Q d d *K + d a d b d d *JC ) {T nc + d c og. (2.16) 
v2/C 



The Christoffel symbol is defined as Y c ab = —g cd * d b g a d* ■ These equations will be used in the 
analysis of the potential term. 

In order gauge the vector multiplet, first introduce the Killing vectors which are defined 

by 

Kdc = f c ab z b d c , Kd c * = f: b z b *d c *, (2.17) 
where f bc is the structure constant of the U(N) gauge group satisfying 

[t a ,t b ]=ifabtc (2-18) 
We will deal with the case in which the Lie derivative C\ satisfies 

= £ A /C = k\d b K. + kftdrJC. (2.19) 
The covariant derivative of the scalar fields, for example, takes the standard form: 



V^ a = d u z* + A*k 



a i /tAr,a 

a /ib „c 



d,z a + f£Ay. (2.20) 



B. Hypermultiplet 



Four real scalar components b u of the hypermultiplet span the quaternionic manifold which 
is taken to be SO(4,l)/SO(A). The quaternionic geometry is in general determined by a 
triplet of quaternionic potentials, 

Q x = Q x uv db u A db v (2.21) 

= du x + -e xyz u v A uj z , x = 1, 2, 3, 

where uf = u) x db u are the SU(2) connections. In this paper, we take the same parametriza- 
tions as that of [12j [13] . The above quantities read 



x ^_X X O x L_A X C) x ^ r x yz (n oo\ 



The metric h, m of this manifold is 



huv ^/r,n\ r i^ uv ' 1 (2.23) 



while the symplectic vielbein is 

1 

2b° 



K A db u , (a, A— I, 2), U aA = ^e a ?(db° - ia x db x ) A , (2.24) 
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where a x are the standard Pauli matrices. 

Let us introduce the Killing vectors k\ and the momentum maps V\ associated with two 
U(l) translational isometries of this quaternionic manifold [13j : 



LI 2 



gi 5 uA + g 2 5 u \ k% = 0, K = g 3 6 



(2.25) 



Here #1, #2, <?3, £ K are coupling constants. These constants play the same role as the super- 
potential and the Fayet-Iliopoulos term do in the rigid theory [TU [22} EH [25] . 

C. The Lagrangian of J\f = 2 Supergravity 



Let us write the parts of the Lagrangian of the M = 2 gauged supergravity which is needed 
in our analysis: 

C = sf=~g (£ kin + Anass - V(z, z,b) + ...), (2.26) 



where 



kin 



c 



Yukawa 



R + <?a&*V M z a V^ 6 * + h uv V ^VV + 



-g 



-ig ab *x aA i^\ b 2 ~ HCVCa + • • • > 
+M a(3 ( a ( t 6 + M a aB ( a \ aB + M aA \ bB \ a A \ bB + h.c, 



(2.27) 



(2.28) 



V(z,z,b) = # o6 *A£A;p A L E + £ a6 7 a V?7^ (2.29) 



«/,» T A T S 



: A T HT)XT)X 



Here F^ u are the field strengths of the U (N) gauge fields and that of the graviphoton field, 
and F^ v are their Hodge duals. The supersymmetry transformation laws of the fermions are 



5X aA 



W aAB e B + . 
N A e A + .... 



(2.30) 
(2.31) 
(2.32) 
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The matrices appearing in the supersymmetry transformation laws and in eq. (12.281) are 
composed of the geometric quantities listed in the last two subsections: 



% ' " ~~x T A 



Sab — -{p - x ) ab'PaL 

jjraAB ABia rA , •/ \ABn~\x ab* rA TjraAB , tt/o 

W = e k A L +i[a x ) V A g } b * = W 1 + W 2 



M aP = - U Aa U BP eABV [u k v] L A^ 
M aA \bB = -{tABgac*k C A ft + i (.°x)ABVlV b f^) 

= M l aAlbB + M 2 aAlbB . 



We obtain explicit forms of these matrices from fl2~TIT) - fl2J3l) . fl2~T7l) and fl2T22l) - fl2T25l) 



Sab — i— i 

2V2W \ g x i(92 + 93^n 

W aAB = _ ie K/2 V a 



1 
-1 



W aAB eK/2 ab* ( 92d b *K+g 3 (F nb +d b *K? n ) ig\d b *K. 

2 V2b° I igid b *K, g2d b «K+ g - i (f nb +d b «Kf n ) 



Ni 



a3 



M 



M a bB 



ie K/2 ( gi -i{g 2 + g-zFn) 
V2b° \ t{g 2 + g 3 f n ) -gi 

ie^ 2 ( -i{g 2 + gaF n ) 9i 

Vzb° y gi -i{gi + gzFn 

V^ie^/ 2 I gidaK i(92d a K+9 3 (Fna+dalCFn)) 

b° \ -i{g2d a K+g 3 {F nb +d a tCFn)) 9\d a K 



ie K/2 ( 1 

M 1;aA \bB = —gac*{db + d b K)V\ 



2.33) 
2.34) 
2.35) 
2.36) 
2.37) 
2.38) 
2.39) 

2.40) 
2.41) 
2.42) 
2.43) 
2.44) 
2.45) 
2.46) 



M 2 . aA \ 



bB 



1_ ( 92V b /£+ 93 v b /£ -ig\V b fa 

2b° y -igiV b f a nVifi+gaVtfS 

ieK/2 r, cd* I 92d b *rc+ 93 {f nb +d b *iCT n ) -ig x d b *K 

2V2 V -ig X O b *K g 2 d b *K.+g 3 (^ nb +d b *ICT n ) 
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Here we have introduced 

V a = 



(2.48) 



III. Partial Breaking of J\f = 2 Local Supersymmetry 

By the gauging of hypermultiplet, the scalar potential takes a nontrivial form and is given 



by 



V(z,z,b) = e K g^V a V b + -^g ab *D* a D% 



— (£ x + M x T n ){£ x + M*F n ), (3.1) 



with 



D x a = ^{£ x d a K + M x {F na + d a KF n )), (3.2) 

£ x = (0, 92, 9i), 
M x = (0, <fe, 0). 

The first term comes from the U(N) gauging of the vector multiplet while the second and 
the last terms correspond to gauging of the hypermultiplet. 

Let us find the conditions which determine the minimum of the potential. Let us first 
consider the variations of V with respect to z a . The derivative of the second and the third 
terms of V reads 

{{dJQtf* DID% + (d a g bc *)D x D x , + g bc * (d a D x )D x c ,) 
= -^y 2 g bc *D x c , (d a D x b - {d b K)D x a + i-£ ed * {d a d b K Q d d *K + d a d b d d ^)Dl\ 

= 7^W d Bf.gr D% (3.3) 
where we have used fl2.15IUI2.16p in the last equality. Thus, the first vacuum condition is 

(d c V) = (d c {e K g ab *V a V b )) + (^ Cacd g ab * Dlg de * D X J = 0, (3.4) 

The second vacuum condition is to be with respect to the hypermultiplet scalar b u . As the 
potential contains only b°, the condition reads 
(W p K. _ 

( W ) = -j^(2g abf D x a D x ,-(£ x + M x T n )(£ x + M x f n )) = 0. (3.5) 



As we search for the vacua with unbroken SU(N) gauge symmetry in this paper, we will 
work on the condition (z a ) = 5 an X. Then (V a ) = (^f a bc z b * z c ) = holds and (d c (e K g ab *V a V b )) 
0. For concreteness, we assume a form of the gauge invariant function T{z) as the one which 
parallels that of [2ij : 



T{z) 



1=0 



(3.6) 
(3.7) 



where C G K and C\ are constant. We will see that C must be nonvanishing in order for the 
inverse of the Kahler metric to exist. 

Let us compute the expectation value of the derivative of T 



(•F i) 3an(3~ rt); 

\3~ "i na) $an(3~ nn) j 

yF\ nab) ^ab{^~ nnn) i 

where the explicit form of (T n ) and that of (J-'nn) are respectively 



(I 



C l \l-2 



It is easy to compute d a )C, 
The Kahler metric g ab is 



Off) 



(Fa — T a — (A — X)T m ) 



5 an (d n K). 



( (9ii*) 



\ 



(gu*) 



(9ab*) 



(3.f 



(3.9) 



(3.10) 



(3.11) 



(gnu) I 
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with 

(911*) = 2 — nn ~ 3~ nn ~~ 2iC), 

(9nn) = \(d n K)\ 2 - l -^{T nn -^ nn ). (3.12) 

Note that the diagonal components except (g nn ) take the same value. By substituting the 
above values, {D x ) and (C a bc) take the following expression: 

(D x a ) = 6 an -^=(£ x d n JC + M x {F nn + d n KT n )), 

(C abc ) = ^-(Fahc). (3.13) 

Now we are ready to analyze (13.41) and (13. 5p . Substituting (I3.8I) - (I3.13I) into (13.4)) . we 
obtain 

{^Fnnng^K^Dl,) = 0. (3.14) 

The points (J^nnn) — are unstable vacua because (d a db*V) = 0. The points which satisfy 
(g nn *) — and (d n JC) = are not stable. The vacuum condition reduces to 

<D*.D*.> = 0, (3.15) 

which implies 

Fn + £%\ = -(^±&). (3-16) 



where we use ((••■)) for the vacuum expectation value of • ■ ■ which are determined as the 
solutions to (13.15j) . We have also assumed ^ 0. Note that if g% — (13. 151) leads to 
gi — gi — and the supersymmetry is unbroken. 

The second condition (13.51) reads 



T 

„ J nn 

g\ =f m 



dJC 



+ gl-{{g nn *\d n 1C\ 2 ))2gl = 0. (3.17) 



When {T nn } = 0, (13TT2D imply ((g nn * \d n JC\ 2 )) = 1. Thus the above equality is satisfied. On 
the other hand, when ({J-'nn} ^ 0, (13.171) leads to g 3 = 0. This is proven in the appendix. 
g 3 = conflicts with the assumption. The second vacuum condition thus reduces to 

(Fnn)) = 0. (3.18) 
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In the rigid theory [2"2"l |2~4] with no hypermultiplet, there is no counterpart to this equation. 
In fact, we will see shortly that TV = 2 local supersymmetry is not broken partially without 
invoking the second vacuum condition. We conclude from (13.161) (13.181) 

(Fn)) = -(^±i 9 -). (3-19) 



.93 93, 

In what follows, we take the + sign. So d a JC and g a b* take the following expression: 

R/C» = -5 an ((e K ))^, 

93 

«0n*» = -{{e K ))C, 

= | ({^/C» | 2 = «e 2 ^» (^) 2 - (3-20) 

Note that C ^ is necessary for the Kahler metric to be invertible. 

Let us see if extended supersymmetries are spontaneously broken or not by considering 
the vacuum expectation values of the mass matrices fl2.40p - fl2.43p . They are 

™ --<&»>(;: 



1 1 



II it K l 2 \ ( 1 1 



1 -1 



(3.21) 



Notice that these matrices have zero eigenvalues. Introducing <fi± = ± <j>i ) where 

G V, C A, we obtain the vevs of fl2T30|) . fICTD . fl2T32j) . 



5i )>7/i(ei + e a) 



26° 

«^+» = 5 an ( t —^-9i(d n Ky 1 )) (ei + e 2 ) 



le K/2 



= {-p-9l)lri + '2) 



i = «^» = ((U = 0. (3.22) 
Let us further introduce 

X. = ((<9 n /C»A" + + 2C_, 

77. ee _((9 n /C))A" + + C-, (3.23) 
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whose supersymmetry transformations are 

(87].} = 0, (3.24) 

where the upper and lower position of dot represent left and right chirality respectively. 
As we see in the next section, gravitino hyperino ( + , gaugino A* and \ are massless 
fermions while gravitino gaugino A" and rj are massive physical fermions. M = 2 local 
supersymmetry is spontaneously broken to M = 1 and x is the Nambu-Goldstone fermion. 
We will confirm this in the next section. 



IV. Mass Spectrum 



A. Fermion Mass 



Let us consider the fermion mass spectrum. Substituting (13.211) into /^Yukawa; we obtain 

£ Yukawa = ~i / ^5 01 \ (^^iT^u ~ ^1^+ + \x*X» ~ 7^V»V» 

+ 27! {^W 9 ^™) la ~ xa ~ + • • • + h - a > (41) 

The Nambu-Goldstone fermion \ coupling to the gravitino ip + can be removed from the 
action by redefining the gravitino: 

- 1>t + (4.2) 



We obtain 

^Yukawa = ~i « ^^9l J (^VW ~ ~w) + ^ E (^9^ )) A°~A a ~ + fc.C. . 



(4.3) 

The gravitino ■?/>+ has acquired a mass by the super-Higgs mechanism. 



The kinetic terms of the massive fermions are 

42 = —=^ lv d^ Aa - -tj' 7 „0% - l J2 (9aa* » A^W +... + h.C. (4.4) 



-g Tfl 3 

a a=l 
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We obtain the mass of the fermions from the equations of motion. The gravitino mass m 
and the mass of the gauginos m a are respectively 



m 



b° 



-9i 



/j-" Q 

9iJ~ aan9 



(4.5) 



Notice that the mass of the physical fermion 77. is the same as the gravitino, that is, m. ip + 
and 77. will form a M = 1 massive multiplet of spin (3/2,1,1,1/2), while A a ~, together with 
the scalar fields, will form M = 1 massive chiral multiplet. This mass spectrum is analogous 
to the rigid counterpart 



B. Boson Mass 

Let us compute the masses of the scalar fields by introducing the shifted fields z a = z a — ([z a }. 
The second derivatives can be easily evaluated 



Wb* V )) = (^C acd g ce \d b *Dl*)g d f*D^ 



c 1 — '2„aa* 



Xd b V)) = 0. (4.6) 



Thus, the kinetic terms and the mass terms are 



E - (^y 2 \g 3 F m n\ 2 9 aa *^ ~z a z a ^ ■ (4.7) 

The mass of z a is the same as (14. 5p . namely, the mass of A a ~. They form A^ 2 massive chiral 
multiplets as we have anticipated, 

The gauge boson masses appear in the kinetic terms of the hypermultiplet scalars 

KtfjrVV = _i_(^^ + ^i4^) + ..., (4.8) 

where 



A* = Al+[^)Al (1.9) 
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The kinetic terms of the gauge bosons are ^{Im^A^F^F^^ , and we compute the gener- 
alized coupling matrix Af (12. 9p on the vacuum: 







CAM 













\(M n0 } 








/n— l,n— 1/ 









(4.10) 



«AU> / 



with 



Im((7V 00 )) = 

Im((AU> = Im((JV n o)) 

Im((jV n n» = 
Therefore the gauge boson kinetic terms are 



^ 9 2 i + 9l 
2 ' 
91 



1 ' 

91 



(4.11) 



-Im((Ar AE ))F> s ^ 



-/c 



7^0 p0/^ 

flU 



-IC 



93 \ rptn rplnfiu 
III 



+ ^Im((^ a ))F;^, 



(4.12) 



where we have defined F'™ = d^A'™ — d u A'™. We can read off the masses of gauge boson A ^ 
and A'™ from ffl~gD and fT4TT2l . Both of them agree with fT4~5]) . 

We summarize the mass spectrum of our model in the table below: 



M = 1 multiplet 


field 


mass 


gravity multiplet 


e% % 





spin-3/2 multiplet 


*/>+, A% A'™, 77. 


m 


SU (N) vector multiplet 


A% A a+ 





SU(N) adjoint chiral multiplet 


A a ", z h 


m a 


chiral multiplet 


A n ", z n 


m" 


chiral multiplet 


C+, ^ 






The A/" = 1 gravity multiplet consists of the vierbein and the gravitino ip while the massive 
gravitino if>^, U(l) gauge boson A'™, the graviphoton A and the fermion 77. form a massive 
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spin-3/2 multiplet. The Af = 2 U(N) vector multiplet is divided into a Af = 1 vector 
multiplet and a chiral multiplet. The Af = 1 SU(N) vector multiplet consists of massless 
gauge bosons and gauginos A a+ . On the other hand, the gaugino A a ~ and the scalar field 
z a form chiral multiplets which belong to the SU(N) adjoint representation. The hyperino 
and the scalars 6°, b 1 form an Af = 1 chiral multiplet. 

Note that the U (1) gr aviphoton x U (N) gauge symmetry is broken to SU(N) and the vacuum 
lies in the Higgs phase. 

V. jV = 1 Lagrangian 

In the last section, we have considered the lowest order terms with respect to the fermion 
fields and the shifted scalar fields z a in /^Yukawa an d V. We will now reexpress the remaining 
terms in £ Yukawa an d V by z a as well. In [291 SO] , the reduction procedure from AT = 2 to Af = 
1 has been completed and £yukawa and V have been given in terms of a superpotential. Here, 
we find that the resulting Af = 1 Lagrangian on the vacuum is written by the superpotentials 
which are related each other by eq. (15.91) . 

The holomorphic function T{z) is expanded in the shifted fields z a as, 

F(z)=r(lz}+z) = l7)+r, (5.1) 

where 

T = «.F a » z a + i «.F a6 )> z a z b + i «.F abc )> z a z b z c + .... (5.2) 
Similarly, T a and jF afc are 

Fa = {Fa)) + (Fab) z b +^ {F ahc } z b z c + . . . . = T a , T ah = ((F ab ))+ (( F abc )) z c + . ...= f ab . (5.3) 

The derivatives are taken with respect to z a in T a and T ab - The Kahler potential and its 
derivatives are 



JC — — log i 



F-F))+F-fF-^{{z a -z a )) + z a -z a ){F a + F a ) 



(5.4) 



dalC = -^(f a -Fa-(({z a -z a )) + z a -z a )F ab ) = d a ]C, (5.5) 

9ab* = dJCd b *K - -^{Fab - ^ab) = 9ab* , (5-6) 



where d a = d/dz a . 
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Let us now define the 'two' superpotentials by 

W(z,Z) = e K / 2 W(z) = 2(S 11 -S 12 ) = -^g 3 (F n -(F n ))), (5.7) 

JC/2 

5(2,1) = e K l 2 S{z) = 2{S ll + S 12 ) = ^{2g 2 + g^ n +{F n )))), (5.8) 

where Sab is the gravitino mass matrix. Note that W and S are related as follows: 

\/2ai e K l 2 
W = S + i V29 £ 

Thus, they are not independent quantities. In the following, however, we will write down the 
resulting Lagrangian, using both W and S. These quantities appear in the gravitino mass 
terms as 

2W,Yt B = w^7^;+^+7^ + . (5.10) 

The covariant derivative of W and that of S are respectively 

VJV = -^gs(Fna + d a }CF n -d a }C(F n ))) 

= gMWZu-WZn), (5.11) 
V a S = -^{2g 2 d a IC + g 3 (F na + d a JCF n + d a JC((F n })) 

= 9a»(W% u + W% 12 ), (5-12) 
V a V 6 W = V2(M 2 , am -M 2 , allb2 ), (5.13) 
V a V b S = V2(M 2 ., am + M 2 ., am ), (5.14) 

where W^ B = (W bAB )*. These are used to evaluate the second term and the last term of 

Yukawa • 

+ ii.WF 7 / + i^a*<SX+l^, (5.15) 
M aA \ b B\ aA \ bB = -Mi;ai| 62 (A a -A 6+ -A a+ A 6 -) 

+ l=V a V h W\ a -\ b - + -^=V a V b S\ a+ \ b+ . (5.16) 
We now manage to reexpress /^Yukawa by the shifted scalar fields, the superpotentials and 
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their covariant derivatives: 

Yukawa = + WA«* - 2W( + )j^_ - e K / 2 g ab * V a \ b ; llM ^ 

+WC+C+ + 5C-C- - 2V a WC + A a - + 2V a SC-\ a+ (5.17) 
+^i;ai|62(A a -A 6 + - A a+ A 6 ~) + -±= V a V 6 WA a " A b - + i=V a V bl SA a+ A fe+ + /i.e. . 

Let us turn to the scalar potential V, which we rewrite in terms of the mass matrices as 

V = -12S 1A S A1 + g ab *W b A W alA + 2N«N l a . (5.18) 

This equation is also obtained from the supergravity Ward identities in the reference [27J. 
Note that S AB = (S A b)* and N% = (N A )*. The first term is 

-12S 1A S A1 = -6((S 11 -S 12 )(S n -S 12 ) + (S 11 + S 12 )(S 11 + S 12 )) 

= -^(|W| 2 +|5| 2 ), (5.19) 

and the second term is 

9ab*W b A W alA = g^iW^W^ + W^W^ + W^Wf 2 ) 

= e^g ab *V a V b + ^r b *V a WV a W + ^~g ab *V a SV a S. (5.20) 
In the first equality, we have used (12.191) . The last term is 

2N?Nl = |W| 2 + |S| 2 

= h uv V u WV v W + h uv V u SV v S, (5.21) 

where u,v = 0,l and h uv = 5 uv /2(b ) 2 . Note that V U W = d u W. Substituting fl57T9l -f l57211 
into (15- 18p . we obtain 

V = eV 2 g ab *V a V b + ^ b *V a WV a W+^g ab *V a SV a S 

-||>v| 2 - ^\s\ 2 + h uv v u wv v w + hi uv v u sv v s. (5.22) 

This is the final form of the scalar potential. We can see that £ Yukawa and the scalar potential 
take essentially the same form as that of the usual Af = 1 supergravity models (such as [28] 
or [291 [30]). 

As is pointed out in [13], if we force the gravity and the hyper mult iplet to decouple, 
the gravitino mass ( 14. 5ft becomes zero. Thus, the gauge boson corresponding to the over- 
all U(l) and the graviphoton become massless in this limit. The Higgs phase of overall 
V '(1) graviphoton x U(l) approaches the Coulomb phase. 
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Appendix 



Here we prove the second vacuum condition (13.171) leads to ((^"nn)) = 0. As mentioned 
above, if ^T nn )} = 0, (13.171) is automatically satisfied. Thus, let us consider the case f^J ^ 
0. We write T nn as 

F nn = F 1 +iF 2 , (A.l) 
where F u F 2 e R. From flSHZD , fEUOl) and (I3TT6D . by using Fx and F 2 , we obtain 

F 2 



(9nn*)) 

VC + d n */C)) 

yc-a n *iQ 



(A - X)F 2 . 



((/Co)) 



The condition t]3.17j) can be written as 



= 2g\ - 2g\ «<T> n /C| 2 » T ^Yg 1 g 3 + g\ ( ||^| 2 



where we have defined Y as 
T T 

y II J '"' " '"' 



d n K, d n *K 
1 



X\ 



Fx (d n K - d n *JC)) - (Y ± 2i^ + (A - A)Fi 

((/C )) V 93 



(A.2) 
(A.3) 
(A.4) 



(A.5) 



(A.6) 



In the second equality, we have used ( 1A.3I) . Using ( 1A.2j) . we can solve the above equation 
for Y: 



Y {9r, 



Fo Oi 
- 2i— . 



((/Co)) 9s 



(A.7) 
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Substituting f[QD into we get 



= 2fff -2 9? « 9 -| a „ K | 1 -2 9? ( 9 "- | ^) + ,1(1^1^ 



where we have used (IA.2j) . Therefore, we conclude that when f^}) 7^ 0, the vacuum 



condition leads to g% = 0. This conflicts the assumption which is written in below (13. f 6p . 
Thus, we can say that the second vacuum condition implies {J-'nn} = 0. 
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